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ABSTRACT
Our understanding of how AGN feedback operates in galaxy clusters has improved
in recent years owing to large efforts in multi-wavelength observations and hydrody-
namical simulations. However, it is much less clear how feedback operates in galaxy
groups, which have shallower gravitational potentials. In this work, using very deep
VLA and new MeerKAT observations from the MIGHTEE survey, we compiled a
sample of 247 X-ray selected galaxy groups detected in the COSMOS field. We have
studied the relation between the X-ray emission of the intra-group medium and the
1.4 GHz radio emission of the central radio galaxy. For comparison, we have also built
a control sample of 142 galaxy clusters using ROSAT and NVSS data. We find that
clusters and groups follow the same correlation between X-ray and radio emission.
Large radio galaxies hosted in the centres of groups and merging clusters increase the
scatter of the distribution. Using statistical tests and Monte-Carlo simulations, we
show that the correlation is not dominated by biases or selection effects. We also find
that galaxy groups are more likely than clusters to host large radio galaxies, perhaps
owing to the lower ambient gas density or a more efficient accretion mode. In these
groups, radiative cooling of the ICM could be less suppressed by AGN heating. We
conclude that the feedback processes that operate in galaxy clusters are also effective
in groups.
Key words: galaxies: groups: general – galaxies: clusters: general – galaxies: clusters:
intracluster medium – X-rays: galaxies: clusters – radio continuum: galaxies
1 INTRODUCTION
Over the past years, deep observations performed by both
Chandra and XMM-Newton have led the way for a better
understanding of the X-ray emission produced by the Intra-
? E-mail: thomas.pasini@hs.uni-hamburg.de
Cluster Medium (ICM), its consequent cooling and how this
links to structure formation. Particularly, multi-wavelength
studies based on the combination of X-ray and radio ob-
servations have shown that the ICM and the Active Galac-
tic Nucleus (AGN) usually hosted in the Brightest Cluster
Galaxy (BCG) are part of a tight cycle in which the cooling
of the hot (∼ 107 K) ICM is regulated by the mechanical
c© 0000 The Authors
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feedback provided by the AGN itself (see e.g. reviews by
McNamara & Nulsen 2012; Gitti et al. 2012). In this sce-
nario, AGN jets and outflows produce shock waves and cold
fronts (McNamara et al., 2000; Fabian et al., 2006) and in-
flate bubbles in the ICM, known as X-ray cavities, that can
be used to assess the AGN mechanical power (Bˆırzan et al.,
2004; Rafferty et al., 2006), establishing a tight feedback
cycle with the diffuse gas. The impact of the AGN could
be even stronger in galaxy groups, where the gravitational
potential is shallower. Here, even a relatively small energy
injection could eject gas from the group itself (Giodini et al.,
2010). It has been suggested that AGN feedback could thus
set apart galaxy clusters from groups, especially in terms of
their baryonic properties (Jetha et al., 2007), albeit there is
still no universal agreement in the distinction between these
objects.
Therefore galaxy groups, that are the repositories of the
majority of baryons and host more than half of all galax-
ies (Eke et al., 2006), are key in order to reach a complete
understanding of the AGN feedback cycle and of how it is
able to influence the evolution of galaxies and their envi-
ronments (e.g., Giacintucci et al., 2011). However, X-ray
observations of galaxy groups are relatively difficult since
most of them lie at the lower sensitivity limit of the cur-
rent generation of instruments. This normally prevents us
from reaching the combination of signal-to-noise ratio and
resolution required to perform the same type of analysis
that is usually applied to galaxy clusters (see e.g., Willis
et al. 2005). Nonetheless, there are numerous studies of
galaxy groups that make use of either deep observations,
and/or low-redshift samples. O’Sullivan et al. (2017) pre-
sented an optically-selected, statistically complete sample
of 53 low-redshift galaxy groups (Complete Local Volume
Groups Sample, CLoGS), for which they were able to per-
form a detailed X-ray analysis. They classified groups into
cool-cores and non cool-cores and studied the central radio
galaxy (Kolokythas et al., 2018), finding that ∼ 92% of their
groups’ dominant galaxies host radio sources. Other stud-
ies are based on estimating the scaling relations between
observables such as temperature, luminosity, entropy and
mass (e.g., Lovisari et al., 2015). Bharadwaj et al. (2014)
estimated the central cooling time (CCT; see Sec. 4.2 for
a definition) in a sample of galaxy groups and found that
the fractions of strong (CCT < 1 Gyr), weak (1 < CCT <
7.7 Gyr), and non cool-cores (CCT > 7.7 Gyr) were simi-
lar to those in galaxy clusters. They also found that BGGs
(Brightest Group Galaxies) in their galaxy groups may have
a higher stellar mass than BCGs in clusters.
Simulations by Gaspari et al. (2011) showed that AGN
feedback may be more persistent and delicate in galaxy
groups than in galaxy clusters. A small number of deep ob-
servations of single, local objects also detected cavities and
shocks (e.g., Nulsen et al., 2005; Gitti et al., 2010; Randall
et al., 2015; Forman et al., 2017), allowing investigations
of the balance between the AGN energy injection and the
gas cooling. X-ray cavities were also recently observed by
Bˆırzan et al. (2020) in a sample of 42 systems, of which 17
are groups or ellipticals.
Ineson et al. (2013, 2015) performed a study of the inter-
actions between AGN and their environment in a sample of
radio-loud AGN in clusters and groups. They found a cor-
relation between the X-ray emission from the intra-group
medium and the 151 MHz power of the central radio source.
They also argued that such a correlation could arise from
AGN in a phase of radiatively-inefficient accretion (Low Ex-
citation Radio Galaxies, or LERGs), while High Excitation
Radio Galaxies (HERGs) stand out of the distribution and
show higher radio powers. The origin of such a relation is
not obvious. In fact, X-ray emission in clusters and groups is
mostly due to line emission and Bremsstrahlung, that conse-
quently allow the ICM to cool from high (∼ 107 K) tempera-
tures. The time scale of such radiative losses is thus strongly
dependent on the distance of the diffuse gas from the cluster
(or group) core, varying from less than 1 Gyr in the centre
of the strongest cool-cores to ∼ few Gyrs moving towards
the outskirts. On the other hand, Nipoti & Binney (2005)
suggested that the AGN power output could act in cycles
of ∼ 108 yr. Hence, the time scales of these two processes
are usually significantly different. However, O’Sullivan et al.
(2017) found that groups typically show shorter cooling time
at a given radius when compared to clusters, due to the high
cooling efficiency of line emission at kT < 2 keV.
Here, we study the relationship between the X-ray emis-
sion from the intra-group medium and the radio emission
from the radio galaxy hosted in the centre of a large (N
= 247) sample of X-ray detected galaxy groups in the 2
deg2 of the COSMOS field (RA = 10h00m28.6s, DEC =
+02◦12m21.0s, J2000). This field was chosen as it offers a
unique combination of deep and multi-wavelength data. In
order to account for the faintness of groups, we make use of
the deepest observations and catalogs.
This paper is organized as follows: in Sec. 2, we explain
how we built the catalog and we describe its main prop-
erties. In Sec. 3, we compare the groups with a sample of
galaxy clusters and explore the correlation between the X-
ray and the radio emission exploiting statistical tests and a
Monte-Carlo simulation. In Sec. 4, we discuss the physical
implications of our results and put them into context. In
Sec. 5, we draw the conclusions. Throughout this paper, we
adopt a fiducial ΛCDM cosmological model with H0 = 71
km s−1 Mpc−1, ΩΛ = 0.7 and ΩM = 0.3.
2 THE SAMPLES
2.1 Construction of the group sample
Gozaliasl et al. (2019) presented a catalog of 247 X-ray-
selected galaxy groups in the COSMOS field, obtained com-
bining all available Chandra and XMM-Newton observa-
tions, in the redshift range (spectroscopic for 183 groups,
photometric for the remaining 64) 0.08 ≤ z ≤ 1.75 and with
luminosities in the 0.1−2.4 keV band ranging from ∼ 1041 to
∼ 1044 erg s−1. The flux limit of the sample is ∼ 3 ·10−16 erg
s−1 cm−2. Setting a search radius of 30′′ from the groups’
centre (assumed as coincident with the X-ray peak) and a
redshift threshold of ∆z = 0.02, we cross-matched this sam-
ple with the VLA-COSMOS Deep Survey at 1.4 GHz (rms
∼ 12 µJy beam−1, beam = 2.5′′x 2.5′′, Schinnerer et al.
2010), to look for the radio galaxy hosted in the centre of
every group. We chose to use VLA-COSMOS to get the high-
est resolution available. At the mean redshift of our sample
(z ∼ 0.7), the largest visible angular scale at this frequency
corresponds to ∼ 450 kpc. The results were then inspected
MNRAS 000, 1–14 (0000)
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Image Beam Sensitivity
[arcsec] [µJy/beam]
VLA-COSMOS Deep 2.5 x 2.5 12
MIGHTEE high-resolution 4.7 x 4.2 8.6
MIGHTEE low-resolution 9 x 7.4 4.1
NVSS 45 x 45 450
Table 1. Properties of the 1.4 GHz images exploited for the de-
tection of central radio sources in the group sample (see Sec. 2.1)
and in the cluster sample (see Sec. 2.3).
visually, exploiting COSMOS optical catalogs, to check the
bounty of the cross-match. We found that, out of the 136
groups for which BGG properties are available, only in 41 (∼
30%) the detected radio source is hosted in the BGG. This is
consistent with recent works that observed offsets between
the optical dominant galaxy and the X-ray peak. Gozaliasl
et al. (2019) found that only 30% of BGGs in COSMOS are
closer to the X-ray peak than 0.1R200, and that the peak is
often not located at the bottom of the potential well, where
the dominant galaxy usually lie. We will return on this in
Sec. 2.3.
Groups showing no central radio emission were then
further inspected exploiting new, deep MeerKAT observa-
tions of COSMOS that are part of the MIGHTEE sur-
vey (The MeerKAT International GHz Tiered Extragalactic
Exploration, Jarvis et al. 2016, Heywood et al. in prep.).
For these MIGHTEE COSMOS Early Science images, the
thermal noise component, measured from the circular po-
larization images (Stokes V), is 2.2 µJy/beam in the im-
age with 9′′x 7.4′′resolution, and 7.5 µJy/beam in the
4.7′′x 4.2′′resolution image. However, in the map centre the
”noise” will appear to be higher due to the contribution from
confusion (faint background sources below the formal noise
limit). We obtain an estimate of this thermal-plus-confusion
noise by subtracting the model of the sky obtained by the
PyBDSF source finder (Mohan & Rafferty, 2015)1 and gen-
erating a RMS map of the image from this residual product
using the same software. The mean RMS value over the in-
ner 20′′x 20′′region (where the primary beam attenuation is
approximately negligible) is then measured. For the MIGH-
TEE COSMOS Early Science map this measurement is 4.1
µJy/beam in the 9′′x 7.4′′image, and 8.6 µJy/beam in the
4.7′′x 4.2′′resolution image. The properties of all the radio
images are summarized in Table 1.
Our final sample (hereafter referred to as group sample)
consists of 174 (155 detected by both VLA and MIGHTEE
and 19 only by MIGHTEE) objects for which we have red-
shifts and both the X-ray emission (flux, luminosity, R200)
and the radio emission (flux density, luminosity, largest lin-
ear size) from the central radio galaxy, plus 73 groups for
which the central source was undetected in the radio band.
These are thus treated as 3σ upper limits, with σ being the
rms noise of the MIGHTEE low-resolution observation. The
largest linear size is defined as the linear size of the major
1 https://github.com/darafferty/PyBDSF
Total VLA + MIGHTEE MIGHTEE
Detections 174 155 19
Upper limits 73 > 3σ
Resolved 55 50 5
Unresolved 119 119 14
Table 2. Composition of the group sample. In a sample of 247
galaxy groups, we observed a central radio source in 174 of them.
155 are detected by both VLA-COSMOS and MIGHTEE, while
19 only by MIGHTEE. Among the 155 VLA+MIGHTEE detec-
tions, 55 are resolved, while 119 remain unresolved. Among the
19 MIGHTEE-only detections, 5 are resolved and 14 remain un-
resolved.
axis of a source, and we will hereafter refer to it as LLS. The
1.4 GHz luminosity was estimated as:
L1.4GHz = S1.44piD
2
L(1 + z)
−α (1)
where S1.4 is the flux at 1.4 GHz, DL is the luminosity
distance at redshift z and α is the spectral index, that was
assumed ∼ 0.6, since this is the mean synchrotron index
usually observed in radio galaxies.
The group sample was further divided into groups with
resolved and unresolved radio galaxies, following the same
criteria presented in Schinnerer et al. (2007) and Schinnerer
et al. (2010). This classification is based on the assumption
that the ratio between integrated and peak flux density gives
a measure of the spatial extent of a source in comparison to
the size of the synthesized beam(see Sec. 6.2 and appendix
of Schinnerer et al. 2010 for more details). We find that
∼ 32% (55 objects) of the sample show well-resolved radio
sources, while for the remaining ∼ 68% (119 objects) we
only have upper limits on the LLS. Exploiting MIGHTEE
images, we found that no sources are spatially unextended
due to VLA lacking surface brightness sensitivity. Table 2
summarizes the composition of the sample; all the properties
of the objects are listed in Table 4, described in Appendix
A and available as online material.
2.2 Characteristics of the group sample
Fig. 1 shows the redshift and mass (M200, the mass within
the radius corresponding to 200 times the critical density)
distributions of the group sample. The redshift distribu-
tion of resolved and unresolved radio sources show a sim-
ilar behaviour: we detect both resolved, high-redshift and
unresolved, low-redshift radio galaxies. The masses of most
groups, estimated via the LX - M200 correlation (Leauthaud
et al., 2010), lie within ∼ 1013 and ∼ 1014 M.
In Fig. 2 we show the X-ray and radio luminosity dis-
tribution functions of the group sample. The X-ray distri-
bution function suggests that there is no significant differ-
ence in the intra-group medium emission between groups
with resolved and unresolved radio galaxies. However, the
1.4 GHz function shows that resolved radio sources are able
to reach higher powers at these frequencies, while unresolved
radio galaxies exhibit a break between 1031 and 1032 erg
s−1 Hz−1. We also note that the radio distribution function
of our groups’ sources spans the same luminosity range as
MNRAS 000, 1–14 (0000)
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Figure 1. Top Panel : Histogram showing the redshift distribu-
tion of the group sample, classified into objects with resolved
(red) and unresolved (blue) radio galaxies and radio upper limits
(green). Bottom Panel : Mass (M200) distribution of the group
sample. The mass was estimated through the LX - M200 correla-
tion by Leauthaud et al. (2010).
BCGs in clusters (e.g., Hogan et al., 2015; Yuan et al., 2016),
despite the different environments.
Since our sample is flux-limited, it shows the typical
Malmquist bias displayed in Fig. 3. At low redshifts we have
mostly low X-ray luminosity objects, while groups with high
luminosities are rarer. As we move to higher redshifts, we
start to see more powerful groups, while weak objects dis-
appear due to their faintness. The fact that the distribution
is not perfectly aligned with the curve is likely due to how
the X-ray catalog was produced. Combining multiple obser-
vations, performed with different instruments and different
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Figure 2. Top Panel : X-ray luminosity distribution function for
the group sample in the 0.1-2.4 keV band. The red line denotes
groups hosting resolved VLA radio sources, the blue line unre-
solved ones, while the black line represents the full sample. Bot-
tom Panel : 1.4 GHz luminosity distribution function for the group
sample. The red line denotes groups hosting resolved VLA radio
sources, the blue line unresolved ones, while the black line repre-
sents the full sample.
sky coverage, can lead to different flux sensitivities. We will
return to this issue in Sec. 3.1.
2.3 A control sample of galaxy clusters
We constructed a sample of galaxy clusters in order to com-
pare it to our main sample of groups. The ROSAT Bright-
est Cluster Sample (BCS, Ebeling et al. 1998) is a 90%
flux-complete sample of 201 galaxy clusters in the North-
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Figure 3. Malmquist bias for the group sample: X-ray luminosity
in the 0.1-2.4 keV band vs. redshift. Circles and triangles repre-
sent groups hosting resolved and unresolved radio sources, respec-
tively. Green arrows denote upper limits in the radio band. The
dashed line represents the theoretical cutoff of the flux-limited
sample, produced assuming a surface brightness of ∼ 10−15 erg
s−1 cm−2 arcmin−2 in the 0.5-2 keV band in a circle with a radius
of 32′′, which corresponds to the construction of the COSMOS
catalog. Some objects lie under the cutoff, since in some of the
COSMOS regions the X-ray sensitivity was higher due to different
sky coverages.
ern hemisphere with z ≤ 0.3, that reaches a flux limit of
4.4 ·10−12 erg s−1 cm−2 in the 0.1-2.4 keV band. Crawford
et al. (1999) presented the optical BCG position for 165 of
the BCS clusters. We cross-matched it with the NRAO VLA
Sky Survey (NVSS, Condon et al. 1998) in order to find the
corresponding radio galaxy, using the same criteria discussed
in Sec. 2.1. NVSS has a lower resolution when compared to
both VLA-COSMOS and MIGHTEE, but it still provides
good estimates of the properties of the radio sources we are
interested in (e.g., flux density). The survey is produced with
VLA in D configuration, resulting in a largest visible angu-
lar scale at 1.4 GHz of 970′′that, at the mean redshift of the
CS, corresponds to ∼ 2500 kpc. The final catalog (hereafter
referred to as cluster sample) consists of 84 galaxy clusters
for which we have the same measurements (ICM X-ray lu-
minosity, radio power of the central source, redshift, LLS) as
for the group sample, and 58 objects for which we only have
upper limits for the radio emission from the central galaxy.
We then exploited the red sequence members of the
CODEX cluster sample (Finoguenov et al., 2019) to calcu-
late the fraction of radio galaxies that are BCGs. In clusters,
85 ± 6% of the central radio galaxies coincide with the BCG.
This is different in galaxy groups, where only ∼ 30% of the
central radio sources are hosted by the BGG. In most ob-
jects, the X-ray peak should represent a good indicator of
the center. Smolcˇic´ et al. (2011) found that, in their sam-
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Figure 4. Top Panel : Histogram showing the redshift distribu-
tion of the cluster sample. Bottom Panel : X-ray luminosity vs.
redshift for the cluster sample. The dashed line represents the
theoretical flux cut.
ple of groups, radio galaxies are in fact always found next
to the X-ray peak, justifying our approach. However, Goza-
liasl et al. (2019, 2020) showed that BGGs defined within
R200 have a broad distribution of their group-centric radii,
and also show kinematics not well matched to that of simu-
lated central galaxies. It might be that radio sources provide
a better identification for central galaxies. This possibility
needs to be investigated through multi-wavelength observa-
tions and by performing a thorough study of the dynamical
properties of central radio galaxies, and will be the subject
of a future work.
The top panel of Fig. 4 shows the redshift distribution
for the cluster sample. The redshift range is much narrower
MNRAS 000, 1–14 (0000)
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Figure 5. Top Panel : X-ray luminosity distribution function for
the cluster sample in the 0.1-2.4 keV band. Bottom Panel : 1.4
GHz luminosity distribution function for the cluster sample.
than the group sample, with most clusters lying at z ≤ 0.15
and only a few objects reaching z ∼ 0.35. On the other hand,
the bottom panel shows the Malmquist bias. The sensitivity
of the X-ray observations of the cluster sample is uniform
for all the objects, leading to a smoother distribution with
respect to the group sample.
Fig. 5 shows the X-ray and radio luminosity distribu-
tion for the cluster sample. While the X-ray luminosity of
groups never exceeds ∼ 1044 erg s−1, clusters are able to
reach ∼ 5 ·1045 erg s−1. On the other hand, the 1.4 GHz
power of clusters stops at ∼ 1033 erg s−1 Hz−1, while ra-
dio sources hosted in groups can, in some cases, be 10 times
more powerful. We will discuss this in more depth in the
following sections.
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Figure 6. 1.4 GHz luminosity of the central radio galaxy vs.
intra-group medium X-ray luminosity in the 0.1-2.4 keV band for
the group sample. The points are sized by the radio LLS and
colorized for the redshift. Down arrows denote MIGHTEE radio
upper limits. The grey area represents the best fit: logLR = (1.07
± 0.12) · logLX - (15.90 ± 5.13).
3 ANALYSIS
In the following, we will focus on the relationship between
log(P1.4GHz) vs log(LX) for groups and clusters, where
P1.4GHz is the 1.4 GHz power of the central radio source
and LX is the X-ray luminosity of the intra-group/cluster
medium.
3.1 Correlation between X-ray and radio
luminosity
In Fig. 6 we show the 1.4 GHz luminosity of the radio galaxy
vs. the X-ray luminosity from the intra-group medium for
every group, where the sizes of symbols are proportional to
the LLS and colour denotes redshift. The upper limits in the
radio band are represented by down-sided arrows.
Groups hosting unresolved radio galaxies follow a nar-
row distribution (see squares in Fig. 6) that suggests a
possible connection between radio and X-ray luminosities,
with higher intra-group medium emission corresponding to
higher power coming from the central radio source. However,
groups hosting big radio galaxies (up to ∼ 600 kpc, see also
Fig. 7) with higher radio luminosities broaden the distribu-
tion. This is consistent with what we have previously argued
from the radio distribution function (Fig. 2), in which the
function for resolved objects is able to reach ∼ 1034 erg s−1
Hz−1, while unresolved radio sources never go above ∼ 1031
erg s−1 Hz−1.
As discussed above, the Malmquist bias is able to pro-
duce spurious correlations when two luminosities in different
bands are compared. In order to test for Malmquist bias,
we used the partial correlation Kendall τ test (Akritas &
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Figure 7. Largest Linear Size (LLS) vs. radio power at 1.4 GHz of
the central radio galaxies for the group sample. Circles represent
groups hosting resolved sources, while triangles are unresolved
ones. For the latter class, the upper limits on the LLS were esti-
mated as 1.5θ, with θ being the resolutions of the VLA (∼ 2.5′′)
and MeerKAT (∼ 9′′) observations.
Sample N τ/σ p
Galaxy groups 247 5.04 < 0.0001
Galaxy groups, no res. groups 197 3.94 < 0.0001
Galaxy groups, uniform flux cut 175 4.16 < 0.0001
Galaxy clusters 142 2.99 0.0028
Full sample 389 6.66 < 0.0001
Full sample, no res. groups 339 8.84 < 0.0001
Table 3. Results of the partial correlation Kendall’s τ test in the
presence of a correlation with a third factor. N is the sample size,
τ is the partial correlation statistic, σ is the standard deviation,
while p represents the probability under the null hypothesis that
the correlation is produced by the dependence on redshift.
Siebert, 1996), as in Ineson et al. (2015). This allows us to
look for correlations between radio and X-ray luminosities
in the presence of upper limits and a dependence on red-
shift. The results, with the null hypothesis being that the
correlation is produced by the dependence on redshift, are
presented in Table 3.
We found a strong correlation for the group sample, es-
timating p < 0.0001, with p being the null hypothesis proba-
bility. However, as discussed in Sec. 3.1, the X-ray minimum
sensitivity used to build the catalog is not constant across
the entire COSMOS field. Especially at low fluxes, there is
the chance that this could lead to ambiguous results. To ad-
dress this issue, we applied a further, uniform flux cut at 5
· 10−15 erg s−1 cm−2, and repeated the test for this sub-
sample. We still find p < 0.0001, supporting the hypothesis
that there is a intrinsic correlation between X-ray and radio
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Figure 8. 1.4 GHz luminosity of the central radio galaxy vs.
ICM X-ray luminosity in the 0.1-2.4 keV band for the cluster
sample. The points are sized by the radio LLS and colorized for
the redshift. Down arrows denote NVSS radio upper limits. The
grey area represents the best fit: logLR = (1.26 ± 0.20) · logLX
- (25.80 ± 9.04).
luminosities. We also performed the test excluding groups
hosting resolved radio sources. In fact, as discussed in more
detail in Sec. 4.1, such objects could be characterized by a
different balance between the X-ray and the radio emission,
thus widening the correlation. We estimated, even for this
subsample, p < 0.0001.
However, Bianchi et al. (2009) argued that the partial
correlation Kendall’s τ test may underestimate the redshift
contribution to the relation, particularly when it comes to
determining the functional correlation. On the other hand,
they also showed that random scrambling of their radio lu-
minosities is not able to produce the observed slope of the
correlation with the X-ray luminosity, thus suggesting that
a physical correlation may be present. We will return to this
issue in Sec. 3.3.
3.2 Comparison with the cluster sample
In Fig. 8 we show the 0.1-2.4 keV ICM luminosity vs. the 1.4
GHz power of the central radio galaxy for the cluster sample.
As in Fig. 6, the sizes of symbols are proportional to the LLS,
and colour denotes redshift. It appears that a correlation
also exists in galaxy clusters, albeit with more scatter com-
pared to groups hosting unresolved radio sources. However,
unlike for groups, the LLS seems to be less correlated with
the central radio power, and there is only one radio source
with LLS > 200 kpc. Since the cluster sample is restricted
to lower redshifts, one could argue that large and powerful
radio galaxies could be only found at z ≥ 0.3. However, large
radio sources in the group sample are already found at z ≤
0.3, where sources in the cluster sample are instead small
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Figure 9. 1.4 GHz luminosity of the central radio galaxy vs.
ICM X-ray luminosity in the 0.1-2.4 keV band for both the group
sample (circles) and the cluster sample (diamonds). The points
are sized by the radio LLS and colorized for the redshift.
(see Sec. 4 for a further discussion). Moreover, Gupta et al.
(2020) have shown that there is little redshift evolution in
the radio luminosity at fixed host stellar mass out to z ∼ 1
for sources hosted in clusters. However, their results do show
strong mass evolution in the number of radio-powerful AGN.
Again we applied the Kendall τ test in order to check
whether the X-ray/radio correlation is significant, with the
results listed in Table 3. We found a null-hypothesis prob-
ability of p = 0.0028. This suggests that clusters also show
a correlation, even though it is weaker than for groups. Fi-
nally, combining the two samples (group sample and cluster
sample), we obtain p < 0.0001.
3.3 The correlation for clusters and groups:
comparison with simulated datasets
In Fig. 9 we show the X-ray luminosities vs the 1.4 GHz
powers for both the group sample and the cluster sample.
Obvious is the dearth of data at LX < 5 · 1043 erg s−1 -
L1.4GHz ∼ 1032 erg s−1 Hz−1, set by the flux cuts of our
samples. Since we are dealing with left-censored data (i.e.,
upper limits), any correlation that depends on data where
the lowest values are upper limits are hard to assess. This is
a long-standing problem in astronomy (see e.g., Feigelson,
1992).
In order to investigate the effects of this left-censoring
we performed a “scrambling test”, that was applied to sim-
ilar problems by, e.g., Bregman (2005) and Merloni et al.
(2006). In this test we keep each pair of X-ray luminosity
and redshift of the group sample and ‘shuffle’ the associated
radio fluxes, assigning each one to a random (LX/z) pair.
Applying the newly assigned redshift, we then calculate the
radio luminosity from the flux. We produced 1000 scrambled
10 6 10 5 10 4 10 3 10 2 10 1 100 101 102
Null-Hypothesis Probability
0
20
40
60
80
100
N
Scrambled datasets null-hypothesis probability
Real dataset null-hypothesis probability
Figure 10. Null-hypothesis probability distribution of N=1000
scrambled datasets. The red dashed line represents the null-
hypothesis probability of the real data.
datasets in this manner and calculated for each of them the
null-hypothesis probability through the Kendall τ test. The
distribution of such values is presented in Fig. 10.
Out of 1000 ’shuffling’, the null-hypothesis probability
was never found to be lower than the real dataset. The dis-
tribution is similar to a lognormal, with the peak lying be-
tween ∼ 2% and 20%. The mean sets around ∼ 12.5 %, with
a standard deviation of ∼ 3.5 %. The null-hypothesis prob-
ability of the real dataset lies more than 3σ away from it,
suggesting that the correlation holds.
Alternatively, we can also simulate our population of
radio and X-ray sources by randomly drawing them from
luminosity functions and redshift distributions, then apply-
ing the respective flux cuts in the X-ray and radio and mea-
suring the correlation. This Monte-Carlo simulation can be
performed with and without an underlying correlation be-
tween X-ray and radio powers.
The simulation was performed along the following steps:
• We first draw a random redshift within the ranges z =
0.01−2 for the group sample and z = 0.01−0.4 for the cluster
sample, assuming a constant comoving source density, i.e.:
dN
dz
=
4picDL
2(z)
(1 + z)H0E(z)
, (2)
with N being the number of objects, c the speed of light,
E(z)=
√
ΩM (1 + z)3 + ΩΛ and DL the luminosity distance
at redshift z.
• We then sampled N X-ray luminosities, assuming two
different luminosity functions as probability density func-
tions (pdf). For clusters, we assumed the 0.1−2.4 keV lumi-
nosity function (LF) of BCS (Ebeling et al., 1997), since the
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cluster sample was built starting from this catalog. On the
other hand, for groups we used the LF presented in Koens
et al. (2013) that goes down to lower luminosities and out
to z ∼ 1.1. Multiple studies have shown hints of negative
redshift evolution of the LF, with a reduction in the number
density of massive, luminous clusters at high redshifts (e.g.,
Moretti et al., 2004; Koens et al., 2013). As usual, they use
a Schechter function in the form:
Φ(L) = Φ∗ exp(−L/L∗)L−α, (3)
where L is the X-ray luminosity in units of 1044 erg s−1,
Φ∗ is the normalization, L∗ is the luminosity at the function
cutoff and α determines the steepness of the function at L <
L∗. Following the same approach described in Koens et al.
(2013) and Bo¨hringer et al. (2014), the redshift evolution is
taken into account by parametrizing density and luminosity
evolution through a power-law:
Φ∗(z) = Φ∗0(1 + z)
A, (4)
L∗(z) = L∗0(1 + z)
B , (5)
where Φ∗0 and L
∗
0 are the values at the current epoch,
A ∼ -1.2 and B ∼ -2 (Moretti et al., 2004). As we first
draw a redshift, we can then sample the X-ray luminosity.
The number of mock objects, N , was chosen to match the
numbers in our samples.
• We estimated the flux and applied an X-ray flux cut of
2 · 10−15 erg s−1 cm−2 for groups and 4.4 · 10−12 erg s−1
cm−2 for clusters, as for our samples.
• We associated every X-ray luminosity-redshift pair with
a radio luminosity assuming (i) no correlation between X-ray
and radio power, (ii) logLR = (1.07 ± 0.12) · logLX - (15.90
± 5.13) for both clusters and groups, and (iii) the above cor-
relation for groups, and logLR = (1.26 ± 0.20) · logLX -
(25.80 ± 9.04) for clusters. The correlations were estimated
exploiting the parametric EM algorithm coded in the AS-
tronomical SURVival statistics package (ASURV, Feigelson
et al. 2014), that takes into account different contributions
by detections and left-censored data.
The results for groups assuming no correlation between
X-ray and radio power are presented in the top panel of
Fig. 11. The empty bottom-right area of the plot is produced
by the Malmquist bias. Apart from this, the distribution of
simulated data looks significantly different from both the
group sample and the cluster sample. In fact, Fig. 6 shows
no groups with LX < 10
43 erg s−1 hosting a radio galaxy
with LR > 10
33 erg s−1 Hz−1. However, we can see such
objects in the top panel of Fig. 11, despite the simulation
having the same flux cuts of the real observation. This means
that groups are prevented by physical limitations from being
found at these luminosities: the lack of them in this region
is not produced by biases.
The middle panel of Fig. 11 shows simulated data as-
suming the same correlation for clusters and groups. The
plot still looks different from Fig. 9, in which low X-ray lu-
minosity clusters are offset from groups, producing a tail
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Figure 11. 1.4 GHz power of the central radio source vs. X-ray
luminosity of the ICM in the 0.1-2.4 keV band for the simulated
data. Top panel : No correlation. Middle panel : Same correlation
(see text) for both galaxy clusters (diamonds) and groups (cir-
cles). Bottom panel : Two different correlations for galaxy clusters
(diamonds) and groups (circles).
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that stands out from the distribution. In order to properly
measure the differences between the simulated and the real
distributions, we used the two sample Kolmogorov-Smirnov
test. The test estimates the null-hypothesis probability that
two samples belong to the same distribution. The X-ray lu-
minosities of the simulated clusters are drawn from the BCS
luminosity function, that is the same catalog used for build-
ing the cluster sample. Since the KS test is not accurate
when performed on two samples if one of them is drawn from
the other one, we chose to perform it only on radio lumi-
nosities. Comparing the simulated data of the middle panel
of Fig. 11 with the real dataset, the KS test gives a null-
hypothesis probability of ∼ 2.7%, confirming that the two
distributions are intrinsically different. This suggests that
X-ray and radio luminosities of clusters and groups could
follow different correlations.
Finally, the bottom panel of Fig. 11 shows the results of
the simulation assuming two different correlations for clus-
ters and groups. The distribution of the simulated data is
now similar to the real correlation, suggesting that this is the
assumption that better fits our data. This is also confirmed
by the KS test, that gives a null-hypothesis probability of ∼
39.1%, indicating that the two samples likely belong to the
same distribution. We also argue that, without providing
any relation between radio and X-ray luminosity, the sim-
ulation is not able to reproduce the correlation, indicating
that the redshift is not the only factor contributing the cor-
relation. This supports the picture of a physical connection
between ICM and AGN emission.
4 DISCUSSION
4.1 Large radio galaxies in galaxy groups
Fig. 6 and 7 show that AGN in the centre of groups typi-
cally reach only tens of kpc in linear size and up to ∼ 1032
erg s−1 Hz−1 in power. However, a few of them (∼ 10) are
able to grow to hundreds of kpc, reaching radio powers com-
parable to massive clusters’ BCGs (Fig. 8) and surpassing
such sources in terms of size. We then argue that the biggest
radio galaxies are found in the centre of galaxy groups. This
was already hinted by multiple works on giant radio galaxies
(e.g., Mack et al. 1998; Machalski et al. 2004; Subrahmanyan
et al. 2008; Chen et al. 2012; Grossova´ et al. 2019; Cantwell
et al. 2020, and references therein). However, this is the first
time that they are included as sources in a large sample of
groups, and their link to the environment is studied with re-
spect to ”classical” radio sources. Large radio galaxies have
been found in galaxy clusters, too. An example is the gi-
ant radio fossil recently observed in the Ophiucus clusters
(Giacintucci et al., 2020) that reaches a size of ∼ 1 Mpc.
However, they look more like outliers produced by unusu-
ally energetic AGN outburst, rather than widespread cases.
This is also supported by Fig. 9, which shows that the LLS
of radio galaxies hosted in clusters is usually significantly
smaller with respect to sources found in groups. The clus-
ter sample only shows one cluster with a central radio source
bigger than 200 kpc (∼ 0.7% of the sample), while the group
sample has 10 of them (∼ 4% of the sample), ranging from
200 to 600 kpc.
We suggest that the lower gas density in groups when
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Figure 12. Ratio of LLS of the radio galaxy and R200 of cor-
responding group (in kpc) vs. radio power of the radio galaxy.
Circles represent groups hosting resolved radio sources, while tri-
angles denote unresolved ones.
compared to clusters and a different, more efficient accre-
tion mechanism could be responsible for this effect. This is
supported by Ineson et al. (2013, 2015), who found a very
similar relationship between intra-group medium and AGN
luminosities and showed that large radio galaxies, lying in
the top region of Fig. 6, are mostly HERGs, powered by a
radiatively efficient accretion mode (e.g., Best & Heckman,
2012), while groups lying within the narrower radio power
distribution mostly contain LERGs. Similarly, we tried to
classify the radio galaxies of the group sample into HERGs
and LERGs, by retrieving optical spectra from the zCOS-
MOS survey (Lilly & Zcosmos Team, 2005) and measuring
the equivalent width (EW) of the [OIII] line. Objects show-
ing EW[OIII] < 5 A˚ were classified as LERGs, while radio
galaxies with EW[OIII] > 5 A˚ are HERGs. However, we
were able to properly perform such analysis only on 9 ra-
dio galaxies, 4 of which were classified as HERGs, and 5 as
LERGs. This was due to most objects not having a zCOS-
MOS detection, while for others the fit of the spectrum was
inconclusive. Therefore, since this sample is too small to
draw any conclusion from it, we will not discuss it and leave
it for future follow-up works.
Fig. 12 shows the radio power of the radio galaxy on the
x-axis, and the LLS and corresponding group’s R200 ratio
on the y-axis. The largest radio galaxies have dimensions
comparable to the group’s virial radius.
The power output supplied by such AGN could poten-
tially have strong consequences for the intra-group medium.
However, the energy is transferred to the diffuse gas at large
distances from the centre (∼ hundreds of kpc), due to the
dimensions of the radio galaxy, while the cores of groups are
typically only ∼ tens of kpc. This means that, when heating
mainly occurs through radio mode feedback (i.e., by gener-
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ating cold fronts and X-ray cavities), the centres of groups
are less affected by such process, and thus cooling could be
less suppressed than in galaxy clusters. On the other hand,
when shocks are the dominant source of heating, it could
still be enough to adequately quench radiative losses. This
scenario looks very similar to some galaxy clusters, that are
shown to host giant cavities, with lobes extending over the
cooling region (e.g., Gitti et al., 2007). Some analyses of sin-
gular groups already suggested that jets extending well over
the core could violate the standard AGN feeding-feedback
model (e.g., O’Sullivan et al., 2011; Grossova´ et al., 2019).
However, this is the first work to prove that a significant
fraction of the galaxy groups population effectively shows
hints that support this scenario.
This hypothesis needs to be tested by performing a thor-
ough study of the jets and structure of these large radio
sources, and possibly by comparing the results with a ac-
curate analysis of the diffuse gas within the cooling radius
of the host group. Such a radius is usually defined as the
radius within which the cooling time of the ICM falls under
the lookback time at z=1, corresponding to 7.7 Gyr. While
meticolous estimates of the cooling radius are usually feasi-
ble for galaxy clusters, there are only a few, closeby groups
(e.g., O’Sullivan et al., 2017) that have been observed with
the required depth and resolution to accurately measure it.
Therefore, we are currently unable to perform this compar-
ison for our sample.
4.2 Do clusters and groups show the same X-ray -
radio correlation?
In the previous sections we showed how, according to our
analysis, the relation between the X-ray luminosity and the
power of the central radio source is not produced by biases
or selection effects. Clusters and groups seem to follow two
different correlations, albeit with a similar slope. Further-
more, central radio galaxies in some groups show enhanced
emission up to ∼ 3 orders of magnitude. The hypothesis of
two, distinct correlations is supported by the analysis pre-
viously performed on our simulated datasets.
However, we suggest that clusters and groups could fol-
low the same correlation, in which the latter populate the
low X-ray and low radio luminosity regions, while the for-
mer are usually stronger. The correlation is mainly produced
by groups and clusters that have not recently experienced
a significant interaction with the surrounding environment,
while those which have undergone recent mergers or accre-
tion from other objects tend to broaden the distribution.
Specifically, we would expect these clusters to show a lower
AGN power at a given X-ray luminosity, since the lack of
cooling ICM prevents the AGN from accreting gas. This
could also explain the low-radio luminosity tail of clusters.
The result of this scenario is a distribution that is narrower
for galaxy groups, and then broadens because of the differ-
ence between cool cores and merging clusters.
Recent results by Gupta et al. (2020) (hereafter G20)
already suggested the existence of a link between the
large-scale properties of clusters and AGN feedback. Using
SUMSS data (843 MHz) for two different cluster samples (∼
1000 X-ray selected, ∼ 12000 optically selected), they have
shown that the probability of a cluster hosting radio-loud
AGN scales with its mass. This could suggest a connection
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Figure 13. AGN power at 1.4 GHz for the group sample vs.
mass (M200). Colors denote redshift, and the points are sized for
the LLS of the radio source. Down arrows represent radio upper
limits.
between AGN feedback and cluster mass. A similar link was
already explored by Hogan et al. (2015). G20 also found no
evidence that the AGN radio power scales with the clus-
ter halo mass (see Fig. 10 of G20). However, their sample
is built taking into account every radio AGN within clus-
ters, even those not hosted in BCGs. Therefore, it is not
straightforward to compare it to the properties of central
radio sources.
In Fig. 13 we show the AGN radio power at 1.4 GHz vs.
the mass of the group sample (M200). We find no hints of
groups under M200 ∼ 6 · 1013 M hosting radio sources with
log P (erg s−1 Hz−1) > 32. This suggest that, even in the
group regime, low-mass objects usually host weaker radio
sources, while radio-loud AGN are usually found at higher
masses.
One could argue that our sample is simply missing low-
mass groups that host powerful AGN. These objects could
therefore be rare. Since we do not detect them with a ∼
250 objects sample, the probability of observing one has to
be lower than 0.4%. This suggests that, even if they do ex-
ist, they can be considered outliers. In the group sample,
the only process we found that could bring to these conse-
quences is the combination of low density medium and the
more efficient accretion mechanism that produces large radio
galaxies. (see Sec. 4.1). However, all these sources are found
at higher masses. Either low-mass groups hosting radio-loud
AGN do not exist or, if they do, they are extremely rare (p <
0.4%).
In order to support the hypothesis that clusters and
groups follow the same correlation, we were able to classify
38 clusters of the cluster sample (∼ 30%) into cool-core and
non-cool core. The classification, based on the presence of
optical line emission, is presented by Hogan et al. (2015).
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Figure 14. 1.4 GHz power of the central radio source vs. X-ray
luminosity in the 0.1-2.4 keV band for 71 of the cluster sample
objects, classified into cool cores (blue diamonds), non-cool cores
(red triangles) and clusters with unknown dynamical state (cyan
crosses). Grey circles represents groups hosting unresolved radio
sources, for comparison. The grey area is the best-fit relation for
galaxy groups: logLR = (1.07 ± 0.12) · log LX - (15.90 ± 5.13).
There are 33 clusters for which we have no informa-
tion about their dynamical state. Not surprisingly, most cool
cores populate the high-luminosity area of the plot. Further-
more, 4 out of 5 non-cool cores are found at low radio power.
We thus argue that cool cores produce the high-power tail
of the correlation shown in Fig. 9, while more dynamically
disturbed clusters tend to broaden it.
One possible scenario is that the feedback cycle in
galaxy groups is much tighter and the central AGN can af-
fect the entropy of the gas more efficiently, as seen in our
group sample. Over their lifetime, central radio galaxies can
undergo phases of higher power, allowing them to grow to
hundreds of kpc. Once central radio galaxies have grown to a
certain size, the energy from the AGN is injected at greater
radii with respect to the cooling radius (see Sec. 4.1), weak-
ening the efficiency of feedback and broadening the correla-
tion between X-ray luminosity and radio power. Via mergers
and accretion, groups can grow to become clusters (White
& Frenk, 1991). Events occurring during their lifetime, such
as mergers, accretion or any interaction with other objects,
that significantly affect both the cooling of the ICM and the
central radio galaxy, can widen the distribution.
5 CONCLUSIONS
We have studied the correlation between the X-ray emission
of the intra-group medium and the radio power of the cen-
tral AGN for a sample of 247 X-ray selected galaxy groups
detected in the COSMOS field. We compared the properties
of these groups with a control sample of galaxy clusters and
with simulated datasets of X-ray and radio luminosities. Our
conclusions can be summarized as follows:
• Groups show a correlation between the intra-group
medium emission and the radio galaxy power, with more X-
ray luminous objects hosting more powerful radio sources.
Using Kendall’s partial correlation τ test, combined with
data ’scrambling’ and Monte-Carlo simulations, we showed
that this correlation is not produced by the flux cut. Groups
hosting large radio sources (≥ 150-200 kpc) stand out of
the correlation.
• Galaxy clusters are usually more luminous but show a
similar correlation to groups, albeit with more scatter.
• Despite the observational evidence of two, distinct
correlations, we argue that clusters and groups could follow
the same correlation once the dynamical state is taken into
account. Groups populate the low-luminosity region, while
cool-core clusters are found at high luminosities.
• Mergers between galaxy clusters and the resulting
changes to central cooling times, as well as changes in
the accretion mechanism, can increase the scatter in the
observed correlation.
• Galaxy groups host a significantly higher fraction of
large (LLS > 200 kpc) radio galaxies (∼ 4%) than clusters
(∼ 0.7%), albeit the redshift range of our cluster sample is
narrower. The growth of these radio sources, that in this
work reach up to ∼ 600 kpc, is probably favored by the
low ambient densities and aided by an efficient accretion
mode (HERGs). Radiative cooling of the diffuse thermal
gas could be less suppressed in these objects, since the
AGN energy injection happens at larger radii compared to
the cooling region of the corresponding group.
More detailed studies are needed to address these re-
sults. Volume-limited catalogs are essential in order to re-
duce biases that can be introduced by redshift-dependent
luminosity functions and other effects. Deep, high angular
resolution observations of single groups and optical spectra
could also be helpful for a better understanding of the phys-
ical link between the intra-group medium and the central
AGN.
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The properties of the group sample are listed in Table 4.
The full table is available as online material, while a part of
it is showed here; the listed properties include X-ray coor-
dinates of the group, redshift, M200, R200, X-ray luminosity,
radio coordinates, flux density at 1.4 GHz, radio luminosity
at 1.4 GHz and LLS (when resolved). The last column re-
ports 1 if the radio source was detected with both VLA and
MeerKAT, and 2 if it was detected only by MeerKAT.
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